The Chondrichthyes (cartilaginous fishes) are commonly accepted as being sister group to the other extant Gnathostomata (jawed vertebrates). To clarify gnathostome relationships and to aid in resolving and dating the major piscine divergences, we have sequenced the complete mtDNA of the starry skate and have included it in phylogenetic analysis along with three squalomorph chondrichthyans-the common dogfish, the spiny dogfish, and the star spotted dogfish-and a number of bony fishes and amniotes. The direction of evolution within the gnathostome tree was established by rooting it with the most closely related nongnathostome outgroup, the sea lamprey, as well as with some more distantly related taxa. The analyses placed the chondrichthyans in a terminal position in the piscine tree. These findings, which also suggest that the origin of the amniote lineage is older than the age of the oldest extant bony fishes (the lungfishes), challenge the evolutionary direction of several morphological characters that have been used in reconstructing gnathostome relationships. Applying as a calibration point the age of the oldest lungfish fossils, 400 million years, the molecular estimate placed the squalomorph͞ batomorph divergence at Ϸ190 million years before present. This dating is consistent with the occurrence of the earliest batomorph (skates and rays) fossils in the paleontological record. The split between gnathostome fishes and the amniote lineage was dated at Ϸ420 million years before present.
The relationship between gnathostomous fishes and their terrestrial relatives is of fundamental importance for the understanding of vertebrate evolution. Molecular analyses of this relationship have addressed in particular the question of whether, among extant fishes, the lungfishes or the coelacanth are the sister group to terrestrial vertebrates. However, although these analyses have differed with respect to the taxa included, a teleostean (1-4) or chondrichthyan (5) rooting of the gnathostome tree has been a common characteristic, and these studies have, in general, supported a sister group relationship between lungfishes and amniotes (or tetrapods). Because the application of rooting automatically gives evolutionary direction to a tree, it is essential that rooting is performed by using an outgroup that is unambiguously positioned without the ingroup taxa. The commonly applied teleostean rooting of the vertebrate tree is incompatible with piscine paleontology (6, 7) whereas the chondrichthyan rooting is subjective in the sense that it assumes a priori that chondrichthyans are the sister group of all other extant gnathostomes. Therefore, the application of either the teleostean or chondrichthyan rooting is inconsistent with the criterion that unequivocal outgroups should be used to establish the polarity of phylogenetic trees.
The conclusions based on the teleostean and chondrichthyan rooting have been challenged in two recent molecular studies (8, 9) in which the gnathostome tree was rooted by using non-gnathostome taxa. The first study indicated that the lungfishes have a basal position in the piscine tree and that the separation between extant bony fishes and amniotes preceded the divergence of the extant bony fishes. The second study refuted the commonly held belief that the Chondrichthyes are basal to other gnathostomes. This analysis, with only the spiny dogfish, Squalus acanthias, representing squalomorph chondrichthyans, did not, however, resolve the relationship between the coelacanth, the chondrichthyans, and the teleosts. To examine this relationship in greater detail, we have, in the present study, broken up the chondrichthyan branch by including mitochondrial genes of three other chondrichthyans, the common dogfish, Scyliorhinus canicula, (10), the star spotted dogfish, Mustelus manazo, (11) , and the starry skate, Raja radiata, (present study). Thus, the chondrichthyans are represented by a total of three squalomorphs and one batomorph.
The divergence between squalomorphs (sharks) and batomorphs (skates and rays) is paleontologically dated to the early Jurassic (6, 7, 12) . Even though this is the minimum age for the squalomorph͞batoid divergence, the inclusion of the skate, in addition to strengthening the phylogenetic analysis, makes it possible to test a molecular estimate of the divergence time between the squalomorphs and the skate against the paleontological record of the Batomorphii.
MATERIALS AND METHODS
Enriched mtDNA was isolated from frozen liver of the starry skate, Raja radiata, following described procedures (13) . The specimen was collected in Faxafloi, Iceland, by Oskar Gudmundsson. The mtDNA was digested separately with BlnI and BclI. Digested DNA fragments were separated on an agarose gel and were excised, electroeluted, and ligated. With the exception of parts of the NADH2 and NADH5 genes, which were PCR-amplified and direct-sequenced, natural clones covered the whole molecule. The mtDNA of the starry skate has been deposited in the GenBank database with accession number AF106038. Users of the sequence are kindly requested to refer to the present paper and not only to the accession number of the sequence.
The phylogenetic analyses included all published piscine mtDNAs together with a comprehensive selection of taxa represented by complete mtDNAs, namely sea lamprey, Petromyzon marinus (14) ; African lungfish, Protopterus dolloi (3);
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arnason@gen.lu.se. (22) . Analyses also were carried out by using the same taxa with an addition of different outgroup sequences: the hagfish, Myxine glutinosa (8), the lancelet, Branchiostoma floridae (23) , and three echinoderm sequences, Arbacia lixula (24) , Strongylocentrotus purpuratus (25) , and Asterina pectinifera (26) . The phylogenetic analyses [maximum likelihood (ML) (27) , neighbor joining (NJ) (28) , and maximum parsimony (MP) (29) ] were performed on amino acid as well as nucleotide alignments of the concatenated sequences of 12 mitochondrial protein-coding genes. The nucleotide analyses were based on the combined data sets of both first (excluding synonymous leucine transitions) and second codon positions.
RESULTS AND DISCUSSION
General Features of the Mitochondrial Genome of the Starry Skate. The size of the mitochondrial genome of the starry skate is 16,785 nt. The organization of the molecule is the same as generally found in mammals and gnathostomous fishes. With the exception of cytochrome oxidase subunit I, all protein-coding genes of the starry skate have a canonical methionine start codon, ATG or ATA. The start codon of cytochrome oxidase subunit I is GTG (valine). GTG is not a unique start codon among vertebrates and has, for example, been reported in the NADH4L gene of the blue whale and the NADH6 gene of Indian rhinoceros. The cytochrome oxidase subunit I and NADH4 genes have an incomplete stop codon, T, rather than a complete stop codon, TAA or TAG. Incomplete stop codons, TA or T, have been shown to occur in many mitochondrial protein-coding genes among the vertebrates. The tRNA genes of the starry skate conform with those characterizing other vertebrates, and all tRNAs can be folded into the common clover leaf structures. G-U base pairings occur in some stem structures, but base pairings of this kind were uncommon compared with standard Watson-Crick base pairings.
Phylogeny. The phylogenetic analyses were carried out on an alignment of the 12 protein-coding genes encoded by the mitochondrial H-strand, excluding the L-strand encoded gene NADH6 (the composition of which deviates from that of the H-strand encoded genes). The different genes of each taxon were combined into one supergene because, as has been demonstrated by statistical analysis (30) , in this manner, the stochastic effects of limited sequence data are reduced. The analyses were performed primarily on a data set that, in addition to the gnathostomes, included the sea lamprey Petromyzon marinus (14) , but rooting of the gnathostome tree also was tested separately with the hagfish Myxine glutinosa (8) , the lancelet Branchiostoma floridae (23) , and three echinodermsone starfish and two sea urchins-Arbacia lixula (24) , Strongylocentrotus purpuratus (25) , and Asterina pectinifera, (26) .
After exclusion of gaps and ambiguous sites adjacent to gaps, the length of the lamprey alignment was 7,959 nt or 2,653 aa.
The distance values of the amino acid data set are given in Table 1 . Relative rate test between the gnathostomous fishes and the sea lamprey and between the gnathostomous fishes and the amniotes showed that the evolutionary rate of the lungfish is 10-15% higher than that of other gnathostomous fishes. This difference in evolutionary rate was compensated for in the subsequent molecular estimates of evolutionary divergence times by using the age of lungfish fossils as a calibration point. The distance values in Table 1 are consistent with all gnathostomous fishes being on a common branch separated from the amniotes. Thus, these values provide no support for the hypothesis that the lungfishes, as represented by the African lungfish, Protopterus dolloi, are the piscine sister group of the amniotes, as maintained in several other mtDNA studies (1, 3, 31, 32) .
The present analyses concentrated on the relationship between gnathostomous fishes and amniotes rather than that between gnathostomous fishes and tetrapods. This is because the amniotes constitute a monophyletic group, inter alia, characterized by the synapomorph amnion whereas the monophyly of amphibians, and hence the tetrapods as a whole, has been questioned (33) . The amphibians currently are represented by only one complete mtDNA, that of Xenopus laevis (34) , and the present study did not, therefore, allow analysis of basal amphibian or tetrapod relationships. Furthermore, previous analyses of the mtDNA of Xenopus have shown that the molecule is unstable in the vertebrate tree (3, 4, 8, 35, 36) , an observation that was confirmed in the present study because Xenopus was the only species in the study that did not maintain a constant position in different analyses. After the exclusion of Xenopus, the different data sets (amino acids or nucleotides) and the different methods of phylogenetic reconstruction (ML, NJ, and MP) yielded one consistent tree topology. Fig. 1 shows the unrooted tree reconstructed by ML analysis of the amino acid alignment, assuming rate homogeneity. As is evident, the teleosts and the chondrichthyans constitute sister groups. This relationship, along with the other phylogenetic relationships in Fig. 1 , is consistent with the distance values shown in Table 1 . Fig. 2 shows the NJ tree of the same data set, but rooted by using the position of the sea lamprey. Again, consistent with the distance values in Table 1 , all gnathostomous fishes are on a common branch, with the lungfish in a basal position on that branch. Rooting of the gnathostome data set with either the hagfish, the lancelet, or the echinoderms reconstructed the same split between amniotes and fishes as in the lamprey data set, but the position of the lungfish was not resolved in all MP analyses. The same results were obtained in analyses taking into account different evolutionary rates by use of discrete ⌫ distribution with five rate categories (37). Table 2 gives the support values for different branches (labeled a-k) in Fig. 2 . The support values for the sister group relationship between chondrichthyans and teleosts (branch d) are 78% (ML), 79% (NJ), and 70% (MP), respectively. The terminal position of the Chondrichthyes in the piscine tree is consistent with a previous Kishino-Hasegawa (ML) test (38) , which refuted with statistical significance a basal position of the spiny dogfish among the Gnathostomata (9). It should be observed that the chondrichthyan͞teleostean split does not automatically imply teleostean origin because the present analysis does not exclude the possibility that the branch leading to the teleosts may be split by some neopterygians (e.g., bowfin and gars) or acipenseriforms (sturgeons and paddlefish).
The terminal position of chondrichthyans and teleosts in the piscine tree is evident in Fig. 2 . Therefore, if the piscine tree is rooted with either chondrichthyans or teleosts, the tree will be inverted, placing the lungfish at the top of that tree. As a consequence of such a rooting, and in the absence of the sea lamprey, the lungfish automatically would become the sistergroup of the amniotes whereas, in the presence of the lamprey, the teleostean or chondrichthyan rootings would place the lamprey as the sistergroup of the amniotes. The artificial reconstruction of a topology with the lungfish as the sistergroup of the amniotes is consistent with the conclusions of a series of molecular studies applying either teleostean or chondrichthyan rooting (1-4, 11, 31 ). These rootings are incompatible, however, with the use of an unequivocal outgroup for establishing the polarity of phylogenetic trees.
Compared with the previous study (9) , the present analysis improved the resolution of the relationship between the coelacanth, the chondrichthyans, and the teleosts. In other respects, the phylogenetic findings of this study were consistent with recent findings applying unambiguous rooting of the gnathostome tree (8, 9) , showing, inter alia, that the divergence between amniotes and extant gnathostomous fishes took place before the diversification of extant gnathostome fishes.
The present findings challenge the commonly accepted understanding of basal gnathostome divergences and relationships. It might be argued that protein-coding mtDNA genes do not have the capacity to correctly resolve early relationships such as deep piscine divergences or the divergence between fishes and amniotes. It has been claimed that MP analysis of mitochondrial protein-coding genes may provide strong support for incorrect phylogenies (39). This conclusion was based FIG. 1. An unrooted ML tree including gnathostomes and the sea lamprey. The tree was reconstructed from analyses of the concatenated amino acid sequences of 12 mitochondrial protein-coding genes as described in the text. For scientific names, see Materials and Methods. The sea lamprey was replaced by the hagfish, the lancelet, or three echinoderms in three parallel analyses. Like the lamprey, all of these taxa received a position between the lungfish and the amniotes.
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Proc. Natl. Acad. Sci. USA 96 (1999) on MP analysis of an alignment, Ͼ12,000 nt long, of concatenated mitochondrial protein-coding sequences, extending from nematodes to mammals. We have collected and reanalyzed the same set of taxa. This reanalysis was performed according to the conservative approach used in the present study, i.e., by removing gaps and all ambiguous sites adjacent to gaps. After these precautionary steps, which aim at ensuring comparison of truly homologous sites, the length of the alignment was 5,127 nt, i.e., Ͻ40% of that used in the previous nematode͞vertebrate study. Consistent with several other mtDNA analyses, the position of Xenopus remained unresolved. Apart from this, our analysis of the more conservative data set (first and second codon positions) yielded a MP tree consistent with that championed as being the correct one (39) . Thus, contrary to the conclusions based on the relaxed (Ͼ12,000 nt) nematode͞vertebrate alignment, our analysis of the same data set suggests that conservative alignments of concatenated mtDNA sequences have the capacity to reconstruct correct topologies for even deep evolutionary divergences. In the nematode͞vertebrate study (39) , the piscine presence was limited to two teleosts. The analysis did not, therefore, address the relationship between lungfishes and tetrapods or have the potential to determine the polarity of the piscine tree. In a recent molecular study (10) including the common dogfish, but not the lungfish or the bichir, the vertebrate tree was rooted with the lancelet. Like in the nematode͞vertebrate study (39) , the length of the alignment exceeded 12,000 nt. In this instance, the requirement of unequivocal rooting was fulfilled, but the phylogenetic analysis, which did not conclusively resolve the position of the common dogfish, included gaps and third codon position, thereby introducing considerable amount of noise into the data set. Exclusion of gaps and third codon positions from the data set reconstructed, with maximal support, a phylogenetic tree with a basal gnathostome split between the single tetrapod included (Gallus gallus) and all gnathostome fishes. It is also noteworthy that NJ reanalysis of the distance values given in Table 1 of that paper (10) place the common dogfish at a terminal position of the tree rather than at the position shown in the phylogenetic tree depicted in the paper.
Estimates of Divergence Times. We have estimated the time of the divergence between the dogfishes and the starry skate, along with that of other piscine divergences, by using two independent molecular͞paleontological calibration points. The first is the age of the oldest undisputed lungfish fossils (400 million years) whereas the second is the divergence of the Diapsida͞Synapsida, 310 million years before present (MYBP) (40) . Use of the lungfish fossil reference gives a squalomorph͞ batomorph divergence time of Ϸ190 MYBP. By using the same reference, the divergence between the chondrichthyan and teleostean branches was estimated at Ϸ290 MYBP, the divergence between the coelacanth and the branch leading to teleosts and chondrichthyans was estimated at Ϸ310 MYBP, and the divergence between the cladistians (bichir) and coelacanth͞teleosts͞chondrichthyans was estimated at Ϸ380 MYBP. The divergence between amniotes and gnathostomous fishes was estimated at Ϸ420 MYBP. By rooting the tree with echinoderm sequences, the divergence between agnathans (Petromyzon) and gnathostomes was estimated at Ϸ550 MYBP. The calculations based on the Diapsida͞Synapsida calibration point (310 MYBP) yielded datings that were generally Ϸ10% more recent than those based on the lungfish reference. This discrepancy may be caused by insufficient correction for the faster evolutionary rate among amniotes NJ and MP values were calculated by using 100 bootstrap replicates whereas ML values were calculated by using 1,000 Quartet puzzling steps (44). Table 2 . The relationship among the piscine taxa was maintained whether or not the amniotes were included in the analyses.
2180
Evolution: Rasmussen and Arnason Proc. Natl. Acad. Sci. USA 96 (1999) than among fishes, a too-recent dating of the Diapsida͞ Synapsida reference, or a combination of these factors. The oldest batoid fossils are of Jurassic age, Ϸ190 million years old (6, 7, 12) . Thus, the lungfish dating of the divergence between the squalomorphs and the skate, given above, is consistent with the paleontological record whereas the corresponding dating of the origin of the Chondrichthyes, Ϸ290 MYBP, is much more recent than the age (Devonian) of Cladoselache and Leonodus fossils (7, 40) , which commonly are accepted as ancestral chondrichthyans. However, Leonodus is only represented by teeth of somewhat uncertain identity whereas the relationship between Cladoselache and other gnathostomous fishes is unsettled (7) . Even though cladoselachids were recognizably sharklike, their position as the ancestors of recent chondrichthyans has been questioned (7, 12, 40) . The present findings suggest that the origin of the extant chondrichthyans included in the present study is unrelated to the cladoselachian lineage.
Use of the lungfish calibration point places the intrateleostean divergence between the clades containing the rainbow trout and the loach at Ϸ190 MYBP. It is probable that more extensive teleostean sampling will reveal other teleostean divergences that are even deeper than the rainbow trout͞loach split. In a recent study (42) , the split between Chondrichthyes and the other gnathostomes was dated molecularly at 530 MYBP. The present findings are inconsistent with that dating, and the phylogeny underlying that dating, which placed the Chondrichthyes basal to other extant gnathostomes.
Implications and Conclusions. Providing that the phylogeny and the estimated datings of various divergences given here are indeed correct, these findings have major implications for both the monophyly of Chondrichthyes and the evolutionary direction of several morphological characters commonly used for reconstructing vertebrate relationships. Chondrichthyan relationships, based on morphological comparisons, have been reviewed thoroughly (41) and will not be detailed here. The author (41) concluded that all sharklike chondrichthyans are not necessarily elasmobranchs and defined the latter as extant sharks, skates, and rays plus several fossil taxa, such as Paleospinax, Synechodus, Hybodus, Xenacanthus, and Ctenacanthus. The phylogeny plus the molecular datings presented here, however, indicate that neither Xenacanthus nor Ctenacanthus are true elasmobranchs because the fossils representing these taxa are considerably older than the molecularly estimated elasmobranch origin, Ϸ300 MYBP. This suggests that reevaluation of the morphological characters uniting the Chondrichthyes will be necessary.
Considering the currently reconstructed phylogenetic tree in its entirety, our findings suggest the following interpretations of the polarity of some main anatomical͞morphological gnathostome characters: (i) that the cartilaginous skeleton of modern Chondrichthyes is not ancestral to the osteichthyan skeleton; (ii) that the exoskeleton of chondrichthyans (almost entirely composed of minute, simple scales and independent teeth) is a derived condition that has arisen from the larger dermal plates of osteichthyans; (iii) that the lungs of both fishes and terrestrial vertebrates are ancestral to the swim bladder or the absence of that organ in the Chondrichthyes; (iv) that the separate gill slits of elasmobranchs, which have been regarded as a primitive condition because they are found widely among jawless vertebrates, are, in fact, secondary and are derived from a single operculate branchial opening as found in osteichthyans and holocephalans; and (v) that the polybasal fins (with several rays attached separately on the girdles) of cladistians, actinopterygians, and elasmobranchs are derived relative to the monobasal, lobed fins. Even though these interpretations differ radically from current views on gnathostome evolution, it is noteworthy that the presently proposed polarities of the lung͞swim bladder, the bone͞cartilage, and the exoskeletal characters have been advocated in basic texts (43) , although, at that time, they were not put into the context of the phylogenetic relationships of early vertebrates.
The presently proposed polarity of the lung͞swim bladder character may suggest that the early evolution of extant gnathostomes took place in shallow waters from which both deeper waters and terrestrial environments subsequently were colonized. Colonization of deep waters thus would have led to the rudimentation of the lungs as a breathing organ whereas the colonization of land would have been associated with extended development of the lungs. Given the present results, it also follows that the origin of the lineage leading to the amniotes is considerably older than 400 million years: i.e., the age of the oldest lungfishes. This suggests that piscine fossils younger than 400 million years, which have been linked to amniote origin, are either on the piscine branch and therefore unrelated to amniote origin or, in the phylogenetic sense, are ancestral amniotes with pronounced piscine characteristics.
